We present nonequilibrium molecular dynamics simulations of argon-krypton liquid mixtures at constant temperature and pressure ( T= 135 K and P=40 bar) as the base case for a consistent study of the role of intermolecular potentials on the transport properties of molecular liquids and their mixtures. Using Lennard-Jones models for the two species, very good agreement with experiment is obtained for the thermodynamic and transport properties of the two pure fluids. Simulations at constant temperature and density using the Barker-Fisher-Watts potentials for pure fluids yields predictions for thermodynamic properties and viscosity in excellent agreement with experiment.
INTRODUCTION
The development of accurate, widely applicable, predictive methods for thermophysical properties estimation baaed on an understanding of the molecular processes determining the properties of interest continues to be an enduring goal for chemical engineering thermodynamicists. Microscopic level simulation plays a key role in understanding the relationship between microscopic interactions and macroscopic thermophysical properties. This is because microscopic level simulation permits the researcher to selectively switch on and off key intermolecular interactions (such as dispersion attraction, repulsion, shape, electrostatics, and hydrogen bonding) and evaluate their effect on the property of interest.
In this paper, we begin a series of nonequilibrium molecular dynamics (NEMD) studies of model mixtures that examines the role of intermolecular forces in determining the shear viscosity of liquids. NEMD has become a standard tool for the study of transport properties by molecular simulation. The theory of NEMD has been described in great detail by Evans and Morriss in their monograph ' and applications have been reviewed by Cummings and Evans.' NEMD methods rely on measuring the response of a system to a perturbing field and relating the linear response to a transport coefficient. The microscopic system is simulated at steady state away from equilibrium and the transport coefficient calculated from the ratio of the current to the applied field. In the case of viscosity, the applied field is a boundary driven planar Couette flow field characterized by strain rate y=du,/dy (where u, is the velocity in the x-direction) and the response is the off-diagonal element of the pressure tensor, Px,, , so that the viscosity 7 is given by P T=-7* The alternative to obtaining viscosity by NEMD is to ")On sabbatical leave from Department of Chemistry, Kyungsung University, Pusan 608-736, Korea. "Author to whom correspondence should be addressed, use an equilibrium method such as the Green-Kubo (GK) method3" or one of the Einstein methods.' However, such methods have strong system size dependencies. For example, Holian and Evans6 found that the GK method gave results for viscosity consistent with 108-molecule NEMD only in the limit of very large numbers of molecules (2000) while Chialvo et a2.' demonstrated an anomalous number dependence in the Einstein approaches that could only be overcome by prohibitively long simulations. For these reasons, we have used NEMD in this work.
The goal of this series of papers is to elucidate the effect of dipolar and quadrupolar interactions and linear shape on the viscosity of liquids and their mixtures. To this end, we begin by considering a mixture of argon and krypton at a constant temperature and pressure of T= 135 K and P=40 bar. We model the two fluids as Lennard-Jones fluids so that the intermolecular potential Z.+(Y) between a species i and a species j molecule whose intermolecular separation is r is given by
where Eij and aij are the energy minimum and zero point of the Lennard-Jones (LJ) interaction. For the argon and krypton models used in this paper, these parameters are defined in Sec. II, along with the NEMD algorithms.
II. SIMULATION DETAILS
In this section, we describe the intermolecular potentials and the details of the NEMD simulation algorithm.
A. Intermolecular potentials
Two sets of intermolecular potentials are used in this work. For the study of mixture properties, the LJ potential is used for the Ar/Ar, Ar/Kr, and Kr/Kr potentials. The LJ parameters for these potentials are given in Table I and are derived on the basis of liquid state thermodynamic properties.8-10 The cross interaction parameters between Ar and Kr are calculated from the simple Lorentz- The use of the LJ potentials is motivated by the extensive existing published results on the viscosity of the LJ fluid, as well as the ease with which it can be extended to more complex systems by the addition of dipolar and quadrupolar interactions, and by the addition of sites to introduce shape. However, the LJ potential is clearly limited in its accuracy for the noble gases, so we have also performed NEMD simulations of pure Ar and Kr using the highly accurate Barker-Fisher-Watts (BFW) potentials.""2 The functional form of the BFW potentials is given by
where E is the well depth of the potential and x=r/l$, with R, being the position of the potential minimum. The values of the parameters in Eq. (3) are given by Barker and co-workers."f'2 For AI-, the BFW potential is designed to be most accurate when supplemented with a three-body potential, which we have neglected in the present study.
B. NpT NEMD algorithm
For the LJ fluid mixtures, the NEMD algorithm used in this paper is a mixture version of the isobaric isokinetic sllod algorithm described by Hood et al. I3 The equations of motion for this algorithm are given by
where rj, mi, and pi are the position, mass, and momentum, respectively, of molecule i, Fi is the force exerted by the other molecules on molecule i, u= (u,,O,O) with U, =yy is the velocity field corresponding to planar Couette flow, and a, is the thermostatting constant, given by The effect of the thermostatting term involving api in Eq. (4b) is to hold the translational kinetic energy constant (hence the term isokinetic) . The functional form of this term is derived by Gauss' principle of least constraint. The momenta in Eqs. (4a) and (4b) are measured with respect to the streaming velocity of the fluid and are known as peculiar momenta. In similar fashion to the thermostatting constant, the dilation rate k=drc/dt controls the volume of the system in order to constrain the pressure p. The pressure is one third of the trace of the pressure tensor P, which is expressed in terms of molecular quantities by N PiPi pv= ;gl G+ lci~.GNrijFij~
where V is the volume of the system, rij=ri-rj is the vector joining the centers of molecules i andj, and Fii is the force between them. The equation of motion for the dilation rate for a pure fluid is given by Hood et al. I3 The extension to mixtures is straightforward and given by
and Uij~Uij( rij> is the intermolecular potential between species i and species j molecules. These equations of motion are combined with the Lees-Edwards "sliding brick" boundary conditions.i4 In the absence of the thermostat and the isobaric constraint, the terms in Eqs. (4a) and (4b) involving the strain field, Vu, cancel to yield Newton's equations of motion relating ri and Fj. This implies that the sllod algorithm truly generates boundary driven planar Couette flow, leading to the conclusion that it is correct to arbitrary order in the strain rate." In order to obtain a good signal to noise ratio, with the NEMD algorithms it is necessary to use high strain rates y which turn out to be high enough to cause the shear viscosity to be strain rate dependent. In order to compute the shear viscosity of a Newtonian fluid using the shod algorithm, after the simulation reaches steady state at a given strain rate y one computes and averages the pressure tensor defined in Eq. (6). The strain rate dependent shear viscosity is then obtained from Newton's law of viscosity
where Pxy and Pyx are the averaged xy and yx components of P. From kinetic and mode coupling theories, it is known that the strain rate dependence of the shear viscosity is linear in y 1'2.16-'8 Hence, to apply the shod algorithm to a Newtonian fluid, one performs several simulations at differing strain rates y and fits the resulting strain rate dependent viscosities to the equation
The zero strain rate extrapolation of q, 70, is thus the Newtonian viscosity.
C. NVT NEMD algorithm
For pure Ar and Kr described by the BFW potentials, the algorithm used is the isochoric isokinetic (NVT) sllod algorithm which is obtained simply by putting I&O in Eqs. (3) and (4).
III. RESULTS
All simulations reported in this section were performed on 108 molecules initially located in a fee lattice and equilibrated for at least 200 000 time steps. The intermolecular potentials were subject to spherical cutoffs as follows: For the LJ fluids, the cutoff distance was 2.25~~~ for pure Ar, and 2.250,~ for pure Kr and the Ar/Kr mixtures. For the BFW potentials, the cutoff was 0.5L, where L is the length of the side of the simulation cell and so is determined by the number density. Long range corrections to the energy and pressure were included in these properties by assuming that the pair distribution function was uniform beyond the cutoff distance.
We begin by reporting pure fluid results using the LJ potentials and the BFW potentials. The results are summarized in Table II for Ar and in Table III that for the LJ fluid, since the simulations are performed in the NpT ensemble the density, energy, and viscosity are the predicted quantities, while for the BFW potential, the pressure, energy, and viscosity are the predicted quantities. For both Ar and Kr, it is clear that the BFW potentials predict the energy and viscosity highly accurately (within 2.2% of the Ar energy and 9.2% of the Kr energy, and within 5.5% of the Ar viscosity and 4.3% of the Kr viscosity). The pressures are less accurately predicted. However, pressure as measured in molecular simulations exhibits considerable sensitivity to the details of the cutoff procedure, so that the error in the pressure for Ar can be regarded as quite small. For Kr, however, the pressure is negative. The T= 135 K and p=40 bar is quite close to the experimental vapor- liquid coexistence boundary for Kr, and it may be that small inaccuracies introduced by neglecting higher order interactions in our simulations are sufficient to push the model system into the two phase region.
The results for the LJ fluid are not as good as for the BFW potential (within 2.7% of the Ar density and 0.5% of the Kr density, within 8.4% of the Ar energy and 11.3% of the Kr energy, and within 19.6% of the Ar viscosity and 13.6% of the Kr viscosity). All quantities are overestimates in magnitude, both in comparison with experiment and with the BFW potential. The likely cause of this overestimation is the difference in the long range attractive terms in the LJ and BFW potentials. Both LJ and BFW potentials have l/r6 terms at long range; however, the coefficient of this term in the LJ potential is nearly twice that of the corresponding term in the BFW potential. Thus, the LJ potentials can be regarded as more attractive; greater attraction would result in lower energies, higher viscosities-since greater attraction is equivalent to lower temperature if the energy is held constant-and lower pressures-and thus higher density to achieve a particular pressure.
The strain rate dependent density, energy and viscosity of pure liquid argon and pure liquid krypton are reported in Table IV for the LJ potential and the strain rate dependent density, energy and viscosity in Table V for the BFW potential. Some general trends can be noted. First, in both cases the shear viscosity satisfies Eq. (IO) as can be seen from Fig. 1 (the x=0 results for Ar and x= 1 results for Kr) for the LJ potential and Fig. 2 for the BFW potential. The extrapolations to zero strain rate of the least squares fits to Eq. (10) are used to determine the Newtonian viscosities reported in Tables II and III 1 along with the pure LJ fluid results. In general, agreement with Eq. ( 10) is very good, and the extrapolation to zero strain rate is used to obtain the viscosities reported in Table VII . The composition dependencies of the viscosity, energy, and density are shown in Figs. 5 and 6. For ideal liquid mixtures, one would expect that each of the properties would depend linearly on composition, i.e., p=xp,,+ (1 -X)PAr, (12) where P is q,, Econf, and p. The linear model for each property is shown in the figures as a solid line. Clearly, the viscosity and energy differ noticeably from the linear model. In Fig. 5, an (13) is also shown. This model is an engineering correlation recommended for predicting liquid mixtures in the absence of mixture viscosity data.23 It is clear that this correlation underpredicts at low Kr mole fraction and overpredicts at high Kr mole fraction. However, it is superior to the simple linear model and correctly predicts that the mixture viscosity is lower than the linear model.
IV. CONCLUSIONS
In this paper, we have presented NEMD simulations of pure Ar and Kr described by both LJ and BFW potentials, and of mixtures of Ar and Kr described by LJ potentials. We found that the mixtures are somewhat nonideal in that properties calculated from the simulations were nonlinear in composition, with the energy and viscosity showing the greatest nonideality. In future publications, we will consider these same models but with the addition of multipolar interactions and nonspherical shape, for which the simulations presented here will represent the base case.
